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The orders of relative gas-phase basicities and ammonium ion affinities of a series of 
polyethers obtained by application of the kinetic method and ligand exchange technique are 
compared to evaluate the discrepancies of results between the two techniques. The order of 
gas-phase basicities determined by the ligand exchange technique in a quadrupole ion trap 
agrees with the order established previously by Kebarle using equilibrium methods in a 
high-pressure mass spectrometer. The order obtained by the kinetic method in a triple 
quadrupole mass spectrometer varies for the ranking of one polyether (12-crown-4), and this 
discrepancy is attributed to a difference in the rates of the competing dissociation pathways 
from the triethylene glycol dimethyl ether/l2-crown4 proton-bound adduct, owing to a 
substantial variation in the flexibilities of these two ethers. For the order of gas-phase 
ammonium ion affinities, the kinetic method results agree overall with the ligand exchange 
results; however, the order of ammonium ion affinities for tetraethylene glycol dimethyl 
ether and 15-crown-5 could not be differentiated by the ligand exchange method because of 
the rapidity of ammonium ion transfer between the two polyethers in both directions. (1 Am 
Sot Mass Spectrom 1993, 4, 718-722) 
0 
ngoing advances in the development of mass intrinsic binding interactions involved in molecular 
spectrometric instrumentation have stimulated recognition [ 81. Thus, several groups have investigated 
activity in several areas of gas-phase ion chem- the relative binding affinities of model hosts, such as 
istry related to the measurement of ion binding affini- crown ethers, to model guests, such as alkali metal 
ties. In many recent cases, such studies involve mea- ions [ 61 and ammonium ions [ 71. 
surements for complex involatile molecules or involve 
a diverse array of binding ions, including metals, clus- 
ters, or solvated cations. For example, the implementa- 
tion of fast-atom bombardment [l], laser desorption 
[Z], and electrospray ionization [3] methods has pre 
moted growth in the field of biologic mass spectrome- 
try [4]. As a result, there have been efforts by several 
groups [5] to evaluate the gas-phase basicities of bio- 
logic molecules because of the importance of this ther- 
modynamic parameter in terms of understanding sites 
of ionization and their relationship to dissociation 
pathways. Note that the gas-phase basicity of a 
molecule is defined as - AG for its protonation reac- 
tion, whereas the proton affinity is -AH for the same 
reaction. The differentiating factor is the temperature- 
dependent entropy term. There has also been recent 
interest in the evaluation of host-guest complexation 
in the gas phase [6,7] to understand the nature of the 
Often the popular equilibrium methods are not vi- 
able for measurement of ion binding affinities owing to 
the inability to precisely control or monitor the gas- 
phase concentrations of analytes, as in laser-desorbed 
species. Thus, two alternative techniques have been 
commonly applied for such measurements: the kinetic 
method [9] and the ligand exchange and/or bracketing 
technique [lo-131. The kinetic method was first de- 
scribed for the determination of relative gas-phase 
basicities of simple organic molecules 191. In this 
method, a proton-bound complex of two different bases 
is formed by ion-molecule reactions in the gas phase; 
then the complex is typically collisionally activated to 
promote dissociation. Cleavage at the proton bridge 
results in competitive formation of each protonated 
base involved in the complex, and the ratio of the 
abundances is then related to the proton affinity of 
each base. Because the two substrates involved in the 
complex must necessarily have similar structures to 
avoid the influence of uneaual entrovv factors on the 
dissociation kinetics, it is o&en assuiid that the rela- 
tive proton affinities measured by the kinetic method 
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are thus equivalent to their relative gas-phase basici- 
ties (i.e., AS = 0). 
In contrast, the ligand exchange or bracketing tech- 
nique is a method in which a cation (i.e., proton, metal 
ion> is allowed to transfer between two bases in the 
gas phase [12-141. For example, one cationized base is 
permitted to interact with a second neutral base, and 
observation of the transfer of the cation to the second 
base indicates that the second base has a higher intrin- 
sic cation affinity. Typically, the cation transfer reac- 
tion is observed in both directions to confirm the order 
of affinities. Originally, this method was typically per- 
formed in a relatively high-pressure ion source, and 
the total pressure of reactants admitted was varied 
systematically to observe the change in product ion 
distribution and thus determine the favored direction 
of the cation transfer reaction [12, 131. In recent years, 
ion trapping techniques have often been used to un- 
dertake this type of experiment 1141, with the added 
advantages that the cation transfer reactions can be 
monitored as a function of time, and one reactant ion 
may be isolated and allowed to selectively react with 
the second reactant neutral. This latter feature allows 
determination of affinities without requiring the ability 
to uniformly vary the total reactant pressure; however, 
the neutral gas-phase concentrations of each base must 
be controlled in some way to ensure nearly equivalent 
or at least well-characterized collision probabilities be- 
tween the two bases, allowing accurate extraction of 
thermodynamic data. In general, both the kinetic 
method and the bracketing technique, in contrast to 
equilibrium methods, allow estimation of relative ion 
affinities for involatile molecules and cases that may 
involve unusual cation binding studies. Additionally, 
these methods can be used either to generate numeri- 
cal values of ion affinities if appropriate reference 
compounds with known iori affinities are available or 
to merely establish trends in ion affinities for series of 
compounds. 
The use of the kinetic method for measurements 
involving more complex molecules, such as those that 
might promote multiple binding interactions to a 
cation, has generated some controversy lately because 
of the known but poorly understood shortcomings 
with regard to entropic factors. One of the main ii- 
sumptions underlying this -technique is that the fre- 
quency factors for each competing dissociation path- 
way of the cation-bound complex are nearly identical, 
and thus it has been accepted that the structures of the 
two molecules involved in the complex must be simi- 
lar so that entropic discrepancies may be neglected. If 
the two dissociation pathways of the cation-bound 
adduct have substantially different rates due to en- 
tropic contributions, then the measured ion abun- 
dances for the fragment ions will not accurately reflect 
the relative affinities of each molecule. Likewise, the 
bracketing technique is only effective if one can ap- 
proximate the gas-phase concentrations of each reac- 
tant so that the influence of the competing kinetics of 
ligand exchange can be evaluated with respect to the 
resulting observed product distributions. In fact, there 
have already been some reported discrepancies for the 
gas-phase basicities of small peptides measured by the 
kinetic method and by bracketing techniques [5]. 
Because of the concerns described above, and be- 
cause of our own use of the kinetic method to measure 
orders of relative binding affinities in host-guest 
chemistry, we recently undertook a comparative study 
of the kinetic method and the ligand exchange tech- 
nique for a relatively complex experimental case in 
which both the reactants of interest and the binding 
cation offer potential problems. It is generally assumed 
that the same types of binding forces, although differ- 
ing in magnitude, that participate in formation of a 
single cation-attached molecule will also operate in a 
cation-bound complex consisting of two different 
molecules, and thus a comparison of the kinetic method 
and the bracketing technique is a rational undertaking. 
This assumption appears reasonable because any cation 
transfer reaction for a bracketing experiment must 
proceed through a state in which both ligands are 
transiently bound to the cation in some fashion, some- 
what analogous to the kinetic method in which both 
ligands are bound to a single cation. 
The system of interest in the present study involves 
a series of polyethers binding the proton and the 
ammonium ion. The polyethers, including several 
polyethylene glycols, polyethylene glycol dimethyl 
ethers (glymes), and crown ethers, have been com- 
monly used as model hosts in the field of molecular 
recognition [8] because they have multiple binding 
sites and thus presumably participate in multisite in- 
teractions in the gas phase as well. The proton is the 
most charge-dense and smallest cation available, 
whereas the ammonium ion is a bulky tetrahedral 
cation that may promote multisite coordination. Thus, 
these two types of cations should allow some mean- 
ingful insight into how the size and charge distribution 
of the cation affect the outcome of the binding studies. 
Likewise, the choice of polyethers as model Iigands 
permits an evaluation of the kinetic method and ligand 
exchange technique for determination of binding 
affinities for large molecules with many binding sites. 
The objective is to examine the severity of discrepar- 
ties in the relative orders of cation affinities as mea- 
sured by these two methods. 
Experimental 
Two types of mass spectrometers were used for this 
study. A Finnigan TSQ70 triple quadrupole mass spec- 
trometer equipped with a chemical ionization source 
was used to measure the cation affinities of the 
polyethers by the kinetic method. A Finnigan ITMS ion 
trap mass spectrometer was used to measure the 
affinities by the ligand exchange technique. 
The determination of the order of gas-phase basici- 
ties and ammonium ion affinities of polyethers by the 
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kinetic method has been reported previously by our 
laboratory [7], and details of the experimental method 
have been described previously [fl. The samples were 
introduced by a direct insertion probe, and typical 
sample pressure was l-3 X IO-’ torr. Ammonia was 
admitted to the source to 2 torr as a chemical ioniza- 
tion agent. The relatively high pressure of the chemical 
ion&ion source ensures that the complexes experi- 
ence hundreds of collisions, and thus thermal equilib- 
rium conditions are approached. The desired precursor 
ion was selected with the first quadrupole and passed 
into the collision quadrupole at an average collision 
energy of 2 eV. Typical collision gas pressure was 0.6 
mtorr of argon. For the compounds of interest in this 
study, the ligand exchange method cannot be per- 
formed with this type of spectrometer because the total 
pressure of reactant polyethers cannot be routinely and 
consistently varied owing to the low volatility of the 
larger polyethers. 
For the ion trap experiments, two polyethers were 
admitted into the vacuum chamber to approximately 
2 X lo-” torr. Ammonia was admitted to nominally 
3 x lop6 torr, and 1 mtorr helium was used as the 
buffer gas. An electron ionization interval of 5 ms was 
used to allow formation of ammonium ions, proto- 
nated molecules, and [M, + NH,]+ ions. The [M, + 
HI+ or [M, + NH,] + ion was apex isolated with a 
combination of direct current and radiofrequency (RF) 
voltages, and then allowed to react for O-500 ms with 
polyether neutrals present in the trap. The resulting 
product ions were mass analyzed by using the mass- 
selective instability mode of operation. The kinetic 
method could not be used in the ion trap because of 
the inability to form sufficient abundances of cation- 
bound adducts. 
All compounds except 21-crown-7 were obtained 
from Aldrich Chemical Co. (Milwaukee, WI) and used 
without further purification. The 21-crown-7 was ob- 
tained from Parish Chemical Co. (Orem, LJT). Purities 
were greater than 97%. 
Results and Discussion 
The relative orders of ammonium ion affinities and 
gas-phase basicities as measured by the kinetic method 
in a triple quadrupole mass spectrometer have been 
reported previously 171, but are summarized again in 
Table 1 to facilitate the present comparison. Gas-phase 
basicities have been previously measured for several 
crowns and glyme analogs by equilibrium methods in 
a pulsed high-pressure mass spectrometer [15]. The 
order of affinities reported in that earlier work agrees 
with the order established in Table 1, with one discrep- 
ancy. The gas-phase basicity measured by the equilib- 
rium method for 12-crown-4 is 0.5 kcal/mol higher 
than the gas-phase basicity of triglyme [15], although 
the proton affinity estimated for 12-crown-4 is actually 
3 kcal/mol lower than that of triglyme [15]. Thus, 
there is a 3.5-kcal/mol difference in the relative 
Table 1. Orders of relative affinities of Polvethew’ , 
H+ NH: 
Triglycol 
1 2-Crown-4b 
Triglymeb 
15-Crown-5 
Tetraglyme 
18-Crown-6 
Tetraglycol 
21 -Crown-7 
Triglycol 
12-Crown-4 
Triglyme 
Tetraglycol 
1 5-Crown-SC 
TetraglymeC 
18.Crown-6 
21 -Crown-7 
a Order of increasing affinity down the column. 
b The order of gas-phase basicities of these two polyethers re- 
verses by the ligand exchange technique. 
’ These telative ammonium ion affinities of these two plyethers 
could not be differentiated by the ligand exchange technique. 
affinities due to entropic factors (i.e., the AS term). As 
shown in Table 1, the relative gas-phase basicity of 
12-crown-4, as measured by the kinetic method, ap- 
pears to be lower than that of triglyme. This result 
suggests a partially inadequate accounting of the en- 
tropy factors involved in the competing dissociation 
reactions, which is not completely unexpected in light 
of the large 3.5-kcal/mol difference between the gas- 
phase basicities and proton affinities as reported by 
Kebarle and co-workers 1151. One possible explanation 
for the discrepancy is that the cleavages of hydrogen 
bonds between the proton and triglyme molecule 
within the proton-bound triglyme/lZ-crown-4 adduct 
occur at a somewhat slower rate than the hydrogen 
bonds between the proton and 12-crown4 molecule, 
owing to the enhanced flexibility of the open-chain 
ether relative to the more rigid 12-crown-4. Of all the 
crown ethers, 12-crown-4 is clearly the most rigid and 
thus would be most susceptible to this accelerated 
bond-cleavage rate problem. There have been no other 
reports about the orders of gas-phase ammonium ion 
affinities. Thus, quantitative values of ammonium ion 
affinities for the polyethers are not assigned in Table 1 
owing to the lack of appropriate reference values of 
ammonium ion affinities, which are required as cali- 
bration and anchor points. 
For determination of the order of affinities by the 
ligand exchange technique in the quadrupole ion trap, 
the proton transfer and ammonium ion transfer reac- 
tions were systematically repeated for many different 
pairs of polyethers. An example of the proton transfer 
experiment is illustrated in Figure 1, and an example 
of the ammonium ion transfer experiment is shown in 
Figure 2 for the reactions between tetraethylene glycol 
(tetraglycol) and tetraethylene glycol dimethyl ether 
(tetraglyme). As seen in Figure 1, tetraglycol has a 
higher gas-phase basicity because it successfully de- 
protonates protonated tetraglyme, and the reverse re- 
action does not occur. In contrast, tetraglyme has a 
higher ammonium ion affinity because it abstracts an 
ammonium ion from the tetraglycol [M + NH,] ’ ion 
(Figure 2). In fact, the ammonium ion transfer from 
J Am Sex Mass Spectrom 1993,4,718-722 COMPARISON OF ION AFFINITIES OF I’OLYETHEKS 721 
a m 
I 
(TETPAGLYME + HI+ II 
100 ms 
1 ! ClETRAGLYCOL + HI+ 
b 51 
(TETRAGLYCOL + H)+ 
,‘ 
Figure 1. Proton exchange between tetraethylene glycol (tetra- 
glycol) and tetraethylene glycol dimethyl ether (tetraglyme) in a 
quadrupole ion trap: (a) isolation of protonated tetraglyme, fol- 
lowed by a IOO-ms reaction period; (b) isolation of protonated 
tetraglycol, followed by a 100 MS reaction period. Each polyether 
was admitted at a pressure of nominally 3 X 10eh torr. 
tetraglycol to tetraglyme is so fast that it occurs to 
some extent during the analytical scan, thus producing 
the ion at m/z 240 in Figure 2b, shown at 0-ms 
reaction time. No other products are observed during 
these experiments. 
The complete orders of gas-phase basicities and 
ammonium ion affinities obtained by the ligand ex- 
change technique in the quadrupole ion trap match the 
orders established by the kinetic method (Table 11, 
with two exceptions. First, the ammonium ion ex- 
change reactions between lS-zrown-5 and its acyclic 
analog, tetraglyme, occurred in both directions at simi- 
lar rates, so it was difficult to distinguish the one of 
[TETRAGLYCOL 7. NHdJ+ [TETRAGCYME T NHz,)+ 
! 
Figure 2. Ammonium ion exchange between tetraethylene gly- 
co1 (tetraglycol) and tetraethylene glycol dimethyl ether (tetra- 
plyme) in a quadrupole ion trap: (a) isolation of the [tetraglyme 
f NHJ+ ion, followed by a IOO-ms reaction period; (b) isolation 
of the [tetraglycol + NH,] + ion, followed by a IOO-ms reaction 
period. Each polyether was admitted at a pressure of nomixally 
3 x 10-G torr. 
higher ammonium ion affinity in the ion trap. It has 
recently been shown that some ions stored in a 
quadrupole ion trap may possess over 2 kcal/mol of 
kinetic energy [16], owing to the continuous accelera- 
tion and deceleration of ions trapped by an oscillating 
RF field, and this energy may be sufficient to drive 
some reactions of low endothermicity in the forward 
direction; however, in the present study all stored ions 
would be expected to be affected somewhat equally by 
this translational energization. The fact that the ammo- 
nium ion transfer reaction for the 15-crown-5/tetra- 
glyme system proceeds in both directions to similar 
extents suggests that the ammonium ion affinities of 
these two polyethers are extremely close to each other. 
Thus, within the experimental limitations of the 
quadrupole ion trap, the ammonium ion affinities of 
these two polyethers could not be differentiated by the 
ligand exchange technique. By application of the ki- 
netic method in the triple quadrupole mass spectrome- 
ter, the ammonium ion affinity of tetraglyme appears 
to be distinctly greater than that of 15-crown-5. 
The second discrepancy involves the order of rela- 
tive gas-phase basicities for 12-crown-4 and triglyme. 
The gas-phase basicity of 12-crown-4 is determined to 
be higher than that of triglyme by the ligand exchange 
method in the ion trap, so this order of affinities 
reverses from the one shown in Table 1 for the kinetic 
method. In fact, this reversal causes the order of gas- 
phase basicities of these two ethers to agree with the 
accepted order established in ref 15. The proton trans- 
fer reaction occurs in both directions for this pair of 
polyethers, indicating that the gas-phase basicities are 
indeed quite similar and highlighting the important 
influence of kinetic factors (and thus the importance of 
monitoring the pressures of each reactant) on these 
exchange reactions. 
The temperature dependence of the l&and ex- 
change experiments in the quadrupole ion trap was 
not extensively evaluated owing to the inability to 
assign an “ion temperature” in the trapping environ- 
ment. In the quadrupole ion trap, ions are continu- 
ously accelerated and decelerated during their trajecto- 
ries because of the oscillating RF field, and they experi- 
ence numerous activating and deactivating collisions 
with helium throughout their storage. Thus, although 
different ions experience the same type of field overall 
and would be expected to possess similar average 
amounts of kinetic energy, their average internal tem- 
peratures are not easily estimated nor easily varied by 
simply changing the temperature of the ion trap vac- 
uum manifold. Fortunately, the pairs of reactants used 
for the ligand exchange technique will experience the 
same environment in the trap, and thus temperature- 
related factors may tend to diminish in importance. 
Moreover, due to the failings of the equilibrium tech- 
nique for measurements involving involatile molecules, 
the use of the ligand exchange method in a quadrupole 
ion trap provides at least one viable means, albeit with 
some limitations, to estimate relative ion affinities. 
722 WU AND BRODBELT 
Conclusions 
To obtain the best approximations of relative ion 
affinities, one would clearly like to perform tempera- 
ture-dependent equilibrium measurements, such as 
could be undertaken with a high pressure mass spec- 
trometer; however, this approach is often not possible 
for studies involving involatile substrates, which have 
ill-defined or poorly controlled vapor pressures. For 
the systems studied herein, the kinetic method appar- 
ently proves effective for developing relative scales of 
affinities for both a minuscule cation (i.e., proton) and 
a bulky cation (i.e., ammonium ion), which may bind 
through multiple hydrogen bonds. The orders of gas- 
phase basicities and ammonium ion affinities change 
for the series of polyethers, and these variations are 
reasonably replicated by each technique. Clearly, this 
study does not prove the universal applicability of the 
kinetic method; however, it is noteworthy that it may 
succeed in some situations for determination of orders 
of affinities of ligands possessing multiple binding 
sites. Likewise, the ligand exchange technique may 
give somewhat ambiguous results for distinguishing 
the ion affinities of ligands that have very similar 
affinities. In this latter case, it is essential that the 
gas-phase concentrations of the two neutral ligands be 
identical or well defined so that reaction rates can be 
estimated. This constraint is increasingly difficult to 
maintain for larger and less volatile molecules. In 
conclusion, for those cases in which multiple binding 
sites may be involved, it appears to be advisable, when 
possible, to confirm the results of the kinetic method 
by using a second technique; but the kinetic method 
alone may often provide a rapid and facile method for 
generating reasonable qualitative orders of ion affini- 
ties. 
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